generally between 5 and 2o"/,, of the increases produced by the same doses of amines when the hearts were beating. It is concluded that while large doses of catecholamines can increase oxidative metabolism of the nonbeating heart by a small amount, the increases of MVoz produced by catecholamines in the beating heart are due in large part to the hemodynamic alterations which the amines induce.
myocardial 02 consumption; myocardial metabolism; norepinephrine; epinephrine; isoproterenol A ETHOUGH IT IS DELL KNOWN that catecholamines elevate myocardial oxygen consumption, considerable controversy exists concerning the mechanisms responsible for this increase. Important roles have been attributed to two major factors: I> an alteration in hemodynamic variables such as heart rate, .contractile force, ventricular pressure, and cardiac output, and 2) a direct stimulation of myocardial metabolism. In the present study, an isolated canine heart preparation was employed to examine the relative importance of these two factors. The manner in which catecholamines affect oxygen uptake was determined, first, whkn the heart was beating spontaneously and could alter its mechanical activity, and second, when (2) was sutured to the right ventricle and recorded changes in heart rate and contractile force when the heart was beating.
Utilizing high-sensitivity settings, the arch also verified the absence of contractions when the heart was arrested. A small cannula, not shown in Fig. I One of three amines was administered to each isolated heart preparation : isoproterenol, norepinephrine, or epinephrine.
Graded doses were first administered while the heart was beating spontaneously and was free to alter its contraction frequency and contractile force. The same doses were then repeated after cardiac arrest had been induced by a single injection of potassium chloride into the oxygenator.
The administration of the amines after cardiac arrest did not result in the resumption of demonstrable contractile activity, as judged by visual inspection of the heart and by the high-sensitivity straingauge arch recording.
The doses of the amines ranged from o. IO to I o pug, expressed as micrograms of the free base; they were always diluted with isotonic saline to a volume of o. I ml and rapidly injected through a needle inserted into the arterial line. Control injections of saline induced no change in the coronary venous Paz.
Plasma potassium levels were measured in all experiments and averaged 3.2 mEq/liter before arrest (range 2.6-3.6 mEq/liter) and 2g mEq/liter after arrest (range 17-38 mEq/liter).
During the initial control period, the heart rates ranged between 48 and 150 beats/min and averaged 85 beats/min.
Control perfusion (mean aortic) pressures averaged 76 mm Hg when the heart was beat- MVo:! = myocardialO2 uptake in ml/roe g per min, HR = heart rate in beats/min, N = number of experiments, SEM = standard error of the mean.
the hearts were arrested averaged 78 % (range 53-1 oo %) of the values for this variable when hearts were beating. The results of all 15 experiments are summarized in Table I . With any given dose of an amine the increase of MVo, was always much greater when the heart was beating than when it was arrested. The relative order of potency was isoproterenol, norepinephrine, and epinephrine.
The injection of 3 pug isoproterenol increased MVoz by an average of 3.01 ml/min when the heart was beating and by only 0.22 ml/min when it was arrested. For 3 pg norepinephrine these values averaged I .23 ml/ min (beating heart) and 0.1 I ml/min (arrested heart). For 3 pg epinephrine they averaged 0.44 ml/min (beating heart) and 0.08 ml/min (arrested heart). The findings in two representative experiments are illustrated (Figs. 2-5 ). In one experiment isoproterenol was administered (Figs. 2-4) , and in the other norepinephrine was given (Fig. 5) . In the first experiment, coronary blood flow was maintained at 84 ml/min and arterial 02 content remained constant at 20.0 vol %.
With the heart beating, the control venous POT was 82 mm Hg and the MVo2 was 2.56 ml/min. Following an injection of o. I o pg isoproterenol, the venous Paz showed a maximum decrease to 75 mm Hg (Fig. 2) indicating that MVoz had increased to 2.96 ml/min (Fig. 3) . With 0.30, LO, and 3.0 pug isoproterenol, venous Paz showed maximum decreases to 67, 54, and 48 mm Hg, corresponding to MVo& of 3*61, 5.01, and 5.85 ml/min, respectively. With each injection, there was a substantial increase in heart rate and myocardial contractile force and between injections the venous Paz always returned to its control level of 82 mm Hg (Fig. 2) . After cardiac arrest was induced with potassium, the coronary venous Peg rose to I 34 mm Hg and the MVos fell to I .38 ml/ min. With injections of 0.10 and 0.30 pg isoproterenol, there were essentially no decreases of the venous POT (Fig. 4) . However, with injections of 1.0 and 3.0 pg, venous Paz decreased to I 15 and IOO mm Hg, respectively (Fig. 4) , and MVoz rose to I .53 and I. 70 ml/min (Fig-3 intact animal or man, and it is now widely held that these hemodynamic changes play a major role in the increase of Mvot produced by the amines (e.g., 7, I I). On the other hand, it has also been suggested that some fraction of the increased 02 uptake induced by the amines is due to a direct action, i.e., to one which is independent of their hemodynamic effects (I, 5, 13, 14, 20-22) . Any such direct stimulation of oxidative metabolism is of particular interest since it should contribute to the socalled "oxygen-wasting" action of catecholamines (I 5). In the present studies, when hearts were arrested with potassium, the increases of M\ioz characteristically produced by catecholamines were either prevented or greatly diminished.
A comparison of the effects of the same doses of amines in individual hearts reveals that the increases of M\ioz observed in arrested hearts were usually only 5-20 % of those occurring when the same hearts were beating (Table I ). It is difficult to attribute this marked attenuation of the augmentation of Mvoz to the suppression of ongoing myocardial metabolism by elevated levels of potassium for at least three reasons: I) control values for M\ioz when the hearts were arrested averaged 78 % of the values observed when the hearts were beating;
2) McKeever, Gregg, and Canney (14) have observed similar relative differences of MQoz between the empty beating heart and the arrested heart irrespective of whether the arrest was induced by potassium or vagal stimulation;-3)
we have raised the extracellular potassium concentration to the levels observed in the present studies in stepwise fashion and have found that once cardiac arrest has been induced, further increments of potassium concentration do not effect addibeating heart. The record is continuous but has been divided into four sections for the illustration. (I, 5, I 3, 14, 20-22) .
The fact that such stimulation has not been demonstrated by all workers (3, 6, g, 12) may be related to its relatively small magnitude, to the sensitivity of the techniques for measuring M\ioz, and the large doses of amines required, and, in the case of cardiac muscle not undergoing spontaneous contractions (I 2), to the failure to prevent contractions being induced by the amines. In considering the biochemical basis for a direct stimulation of oxidative metabolism, it is of interest that Challoner and Steinberg (4) have recently obtained evidence suggesting that epinephrine causes an increased utilization of endogenous fatty acids in beating and arrested rat hearts.
In summary, while large doses of catecholamines can increase Mvoz slightly in the arrested heart, the increases of Mvoz which the amines produce in the beating heart can be attributed primarily to the augmentation of myocardial contractile activity which the amines induce. Although the present investigation does not indicate precisely which aspect of the increased contractile activity is best related to the increased M\io,, other studies (I I, I 7, I g) have now suggested that the velocity of fiber shortening must be considered in conjunction with the traditionally recognized factors of heart rate and myocardial tension as an important determinant of MO%. Since catecholamines can increase the velocity of contraction appreciably even when heart rate, stroke volume, and aortic pressure are kept constant (IS), it may be hazardous to attribute a catecholamine-induced increase of 
